Here, the synthesis of Molybdenum Disulphide (MoS 2 ) flakes by means of anodic atmospheric arc discharge is reported for the first time. The vertical electrode configuration consisted of a compound anode (hollow graphite anode filled with MoS 2 powder) and a solid graphite cathode placed just above of the compound anode. Arc processes were operated in pulsed mode to preferentially evaporate the powder component from the anode and to minimize Carbon ablation.
Introduction
Nanomaterials are qualified for many applications in electronics, mechanics, energy, etc., thanks to their special physical properties. [1] [2] [3] [4] The specific geometries of such materials are associated with particular crystalline structures and chemical functionalities. [5] Therefore, only a reduced subset of compounds fulfils the conditions to be synthesized in nanomaterial form. The three best known examples are constituted by materials with a natural tendency to forming atomic planes.
Their in-plane atoms are arranged by strong covalent bonds which yield weakly interacting adjacent sheets by van der Waals forces, namely: (1) Carbon nanostructures, whose allotropes graphene, carbon nanotube and Buckminster fullerene are recognized worldwide as versatile materials with unique properties; [6, 7] (2) hexagonal Boron Nitride (h-BN), which has been synthesized e.g. in nanotube and nanosheet shapes, is promising for many applications as it is isostructural with graphene ('white graphene'), [8, 9] and (3) Molybdenum Disulphide (MoS 2 ), a transition metal dichalcogenide that forms a molybdenite crystal showing extraordinary electronic, tribological and biocompatible properties. [10] [11] [12] The cited materials can be obtained by means of different synthesis techniques, such as chemical or mechanical exfoliation of bulk material, [13] and plasma processing of a gaseous precursor. [14] Anodic arc discharges constitute very efficient plasma sources of nanomaterials, as initially proven by the seminal work by Iijima on the production of carbon nanotubes from plasma ablation of a graphite anode. [6] The high gas temperatures reached in the carbon arc column provide appropriate conditions for synthesis of carbon crystalline nanostructures. Moreover, the control of the plasma parameters through setting electrical parameters of arc current and arc voltage, working pressure and electrodes geometry, makes arc discharge an attractive laboratory technique to investigate the basic processes involved in nanomaterial synthesis. [15] This same method has proven to be effective to grow graphene flakes, i.e. few layers or single layers of carbon atom crystals. [16, 17] Further efforts towards the production of 1D and 2D materials include the research on atmospheric arc plasmas aimed to h-BN growth. Nanotubes of h-BN were grown by arcing a h-BN pressed rod inserted into a hollow Tungsten electrode. The W electrode was necessary to hold the discharge because h-BN is insulating. [18] In another example, boron ingots with superficial metallic inclusions have been used for h-BN production in arc processes.
The design of such compound anodes with metallic inclusions, whose mission is to enhance arc current, has permitted the successful synthesis of h-BN nanotubes by reactive arc discharge in nitrogen atmosphere. [19] Concerning MoS 2 production, although plasma synthesis of 2D flakes and fullerene-like nanoparticles of MoS 2 has already been addressed, [10, 20] synthesis recipes by means of anodic arc discharge in gas phase have not been reported so far. On one hand, the rapid melting of the molybdenum anode in reactive arc synthesis of MoS 2 constitutes an important issue in process control and stability. [21] This issue has been confirmed in a recent study reporting plasma parameters during Mo anode erosion by atmospheric arc discharge. [22] On the other hand, Sulphur-containing reactive gases like H 2 S are routinely used to deposit MoS 2 in reactive processes despite their toxicity. [20, 23] . The drawbacks mentioned above motivate the search of alternate methods of MoS 2 synthesis, which avoid the use of toxic reagents and offer acceptable repeatability and control over plasma parameters. One strategy to avoid handling of Sulphurcontaining gases consists in arcing a MoS 2 powder precursor filling a hollow anode made of a refractory and conducting material such as graphite. The use of such container with high electrical conductivity is indispensable to strike and maintain the arc discharge, which otherwise would not be possible because MoS 2 is a semiconductor, and thus, would prevent arc formation.
Furthermore, the shortcoming of early Mo melting suggests the need for designing novel arc discharge recipes. A proposed solution might be energizing the anode through a periodic signal waveform, such as a square-wave modulated pulsed current. This approach has already shown positive results in carbon arc discharge research. [24] The present study has two objectives: (1) to prove that anodic arc discharge is a viable technique to deposit few-layer stacks of MoS 2 , and (2) to propose a non-reactive route of MoS 2 synthesis based on pulsed anodic arc discharge from MoS 2 powder precursor. The second objective is motivated by the special plasma properties of pulsed arcs, which have been introduced recently for carbon nanomaterials synthesis application. In the article by Corbella et al., pulsed plasmas in arc discharges applied to a solid graphite anode show a series of advantages, including significant dilution of amorphous carbon macroparticles, better control of arc processes, and production of nanomaterials in more stable discharges. [24] An interesting feature of pulsed arc discharges is its repeatability through the regular localization of the arc core at the intermediate position between anode and cathode. This effect makes the method adequate for preferential evaporation of the central part of the anode, in contrast with the irregular and chaotic ablation of anode characteristic of steady DC arc discharges. [25, 26] Hence, pulsed anodic arc discharge is the selected plasma method to enhance evaporation of the MoS 2 powder filler while simultaneous erosion of the graphite container is minimized. In this article, the parameters of the pulse signal have been adopted according to past studies, [24] and are applied for the deposition of MoS 2 onto a wire substrate (collecting probe). Plasma parameters like particle flux distribution and electron density have been quantified. The fabrication of MoS 2 flakes in this arc process has been discussed by means of atomic force microscopy (AFM) and Raman spectroscopy measurements on the deposited sample. Finally, the morphological, structural and chemical properties of the sample are characterized by electron microscopy and X-ray analysis.
Experimental Details

Experimental Setup
The anodic arc discharges were performed using an experimental setup described in detail elsewhere. [24, 27] The arc discharges were held inside a cylindrical arc plasma chamber of 4500 cm 3 , which was pumped down by a mechanical pump, down to a background pressure lower than 0.1 Torr. The processes were carried out at a working pressure of 300 Torr in a He atmosphere (purity: 99.995%). The electrodes were vertically aligned inside the vacuum vessel. In this study, a compound anode was used to evaporate MoS 2 . Such anode consisted of MoS 2 powder inserted into a graphite container. A hollow graphite anode, with inner diameter of 3 mm and outer diameter of 5 mm, acted as precursor container. The anode was filled with MoS 2 powder (purity: 99%) with grains of 1 µm average size, acquired from Stanford Advanced Materials. The compound anode was mobile and placed at the lower position, and a fixed solid graphite cathode of 10 mm in diameter was located above the anode. A Miller SS300 DC power supply was used to ignite and support the discharge. The arc discharge was ignited by energizing the electrodes, initially brought into electrical contact, and separating them afterwards. For this, the position of the lower anode was controlled by means of a linear drive. The DC power supply was remotely operated in pulsed mode by means of a waveform generator, which supplied rectangular pulse signals of 5 V amplitude (yielding up to 300 A of peak current) at 2 Hz frequency and 10% duty cycle. These parameters provided maximal stability and lifetime of the arc discharge. In addition, DC arc processes held at 60 A of arc current were carried out for comparison purposes.
The arc discharge processes were characterized by studying the V-I characteristics of the discharge. [22, 28] The electrical circuit is schematized in Fig. 1a . Moreover, a collecting probe consisting of a Tungsten wire of 0.5 mm in diameter and approximately 30 mm long was installed horizontally at a distance of 6-7 mm from the arc core position to measure the particle flux distribution in the vicinity of the discharge. The probe was not placed closer to the arc column to avoid melting issues. [27] Fig. 1b and Fig. 1c show the respective top view and lateral view of the setup with the collecting probe, which was placed next to the plasma gap between compound anode and solid cathode. After arc process was completed, the probe was left inside the chamber for at least 20 min to cool down.
Characterization techniques
The bonding structure of the samples was characterized by Raman spectroscopy using a Horiba LabRAM HR operated at a wavelength of 532 nm. The analyzed spot sizes were of the order of a few microns. Surface topography was explored by AFM using an Asylum Research instrument discharge takes place at the surrounding region of the anode. [24] In particular, this type of discharge promotes ablation of the edges of the anode. Fig. 2a illustrates also in more detail the application of pulsed arc discharge on a compound anode like the one used in this study. The periodic ignition of plasma arc generates a hot gas region that interacts with the powder, thereby evaporating the MoS 2 powder with minimal erosion of the graphite container. Once the MoS 2 grains are within the hot gas atmosphere, they undergo fragmentation and molecular dissociation.
Results and Discussion
Then, the ionized or neutral reaction products are transported through the plasma and gas phases until they impinge onto a deposition surface. This sketch constitutes the scenario of pulsed arc discharges on the powder-containing anode, whose electrical parameters are evaluated and discussed below. Fig. 3 shows an image of the probe with deposited layer and two distributions of incident particle flux onto the collecting probe. They correspond to pulsed anodic arc discharges (2 Hz, 10% duty cycle) using, first, a solid graphite anode, and after that, a compound anode containing MoS 2 precursor powder. The deposition study of Carbon has been performed to test this method. The probe had to be placed at a minimal distance from the arc column to prevent excessive heat transfer from the arc discharge to the probe. An arc-probe distance between 6 and 7 mm from the arc centre was chosen. This selection is based on earlier measurements performed with a fastmoving probe within the same arc plasma chamber. [27] There, simulations of gas temperature profiles in steady DC arcs provided limit values of around 3500 K at distances larger than 5 mm from the arc core (W melting point: 3695 K). Moreover, probe melting was not observed in regions at 3 mm or further from arc centre for any studied exposure time (between 10 and 60 ms).
In our study, the probe is at a fixed location and pulse duration is 50 ms as defined by the duty cycle (10% of 500 ms period). Since arc current saturation is not established for such a short pulse time, [22, 24] the effective exposure time of the probe to the pulsed discharge is less than 50 ms in each period. This fact, in combination with the safe distance to the arc core, leads to conclude that the W probe was not significantly damaged during the experiments.
The particle flux distribution in each experiment has been calculated by measuring the layer thickness at different positions x of the probe (for MoS 2 : ≈ 25 µm at the middle and ≈ 5 µm at the extremes for a 8 s-process of MoS 2 evaporation) and by converting the deposition rate, R(x), into particle flux density projected in the X direction, J x (x). For this, the following equation was used:
where ρ is the material mass density and M is the molecular mass of the impinging species from the plasma. Therefore, assuming a radial particle flux emerging punctually from the arc core, the particle flux at a distance r from the arc core can be calculated as J(r)=J x (x)/cosθ, being θ the angle subtended by the normal direction from probe to arc core and the segment comprised between arc core and position x at the probe (see inset in Fig. 3a) . The mass densities for Carbon and MoS 2 evaporation processes were approximated to 2 g/cm 3 In the case of solid graphite arc discharge, the average ablation rate was 1 mg/s. In the case of arcing of the MoS 2 @graphite compound anode, the total evaporation rate was estimated to be around 75 mg/s, whose particle flux density is only assigned to MoS 2 species and is roughly a factor 5 higher than carbon flux density. The underestimation in the calculated central flux in MoS 2 evaporation is probably due to a low sticking coefficient of MoS 2 species onto the collecting probe and/or growing layer (see Fig. 3c ). Further probe experiments were performed using steady DC arc power at 60 A applied to the compound anode (not shown here). It is worth noting that, in these experiments, no radial distribution of plasma expansion of the kind ~1/r 2 could be inferred. Instead, the layer grown on the collecting probe showed an irregular deposition profile. This result is related to the irregular and instable structure of DC arc discharges, compared with the more stable and easy-to-control pulsed arc discharges. 
Sample characterization
Bonding structure (Raman)
The layer deposited onto the W probe was analysed by Raman spectroscopy. micron-size islands, which are termed Region 1 (Fig. 5a ) and Region 2 (Fig. 5b ). The measured MoS 2 -characteristic Raman bands on such regions were located at positions like those shown in Fig. 4 , but they appeared closer to each other, with a separation ranging between 23 cm -1 and 24 cm -1 (Figs. 5d and f) . Moreover, the concentration of Carbon is negligible in such regions as concluded from the lack of Carbon Raman shift signals (Fig. 5c) structures of MoS 2 (<5 layers). (e), (f) Raman spectra of zones i and ii of Region 2, respectively, which show optical contrast. The lack of MoS 2 signal in zone i suggests that there is a hole in the island (the substrate is exposed).
Identification of flakes (AFM)
The AFM images in Fig. 6 (flattened using a second order polynomial fit) show a cluster of fewlayer flakes in the material deposited onto the collecting probe. The explored area coincides with the sample region where the Raman signal evidenced few-layer flakes of MoS 2 (Fig. 5 ). The measured step between neighbouring facets is of the order of 1 nm. Since the thickness of a MoS 2 monolayer is ≈ 0.65 nm, [12] it is plausible to assume that the depicted nanosheets consist of elementary 2D layers of MoS 2 located at the near-substrate region. Such flakes are exclusively attributed to MoS 2 compound and the possibility of being composed of any other material is discarded as judged from the Raman analysis (Fig. 5 ). The observation of the nanosheet cluster, which is composed of randomly distributed MoS 2 nanometric monolayers, is consistent with the prediction of few monolayers of MoS 2 as it is inferred from Raman measurements. The correlation between AFM and Raman measurements can be explained by the probing area of the laser beam used to obtain the Raman spectra. Indeed, the laser spot of the Raman spectrometer has a few microns diameter. The laser spot size is thus extended over an area that comprises several MoS 2 monolayers according to the AFM image. In this way, the contribution of each individual monolayer sums up to the Raman output ( Fig. 5 ) which suggests an average number of 
Surface morphology and composition (SEM, EDS)
Figs. 7a and 7b show SEM micrographs of the MoS 2 powder used as deposition precursor. The grains have a nominal average size of 1 µm and appear forming agglomerates that can achieve around 50 µm in size. Fig. 7c shows a portion of the W probe (middle region) which is covered by the deposited layer of MoS 2 . A magnification of this region (Fig. 7d ) evidences deposition of chipped fragments of the original MoS 2 grains and agglomerates. The presence of smaller-sized grains spread on the probe surface suggests that MoS 2 grains expelled from the compound anode during arc discharge undergo fragmentation due to the high temperatures achieved in gas phase.
Analysis of the material composition and its implications in the experiment are discussed next. 
High-resolution imaging and crystallinity (HRTEM, SAED, XRD)
The crystallographic properties of the sample have been studied by powder XRD. Fig. 9a shows the diffractogram corresponding to MoS 2 powder precursor. The diffraction pattern corresponds to molybdenite, which crystallizes in the hexagonal P63/mmc group. On the other hand, Fig. 9b shows the XRD spectra corresponding to material deposited onto the collecting probe. In this case, only diffraction peaks corresponding to Tungsten Bragg reflections (bcc structure) are detected. The Tungsten signal is caused by the interaction of the X-rays with the W probe. The lack of XRD signal from MoS 2 or other materials suggest that the deposited layer is amorphous.
Note that this conclusion is extracted from powder X-ray analysis that averages over a probing area of a few millimetres. Such probing size may neglect the contribution of eventual nanocrystals diluted within an amorphous matrix. In other words, such analysis is not suited for diagnosing samples containing highly diluted nanosized crystals, since their weak XRD signal could be overlapped with the spectrum background. The following paragraph discusses the localization and identification of nanocrystals by means of high-resolution TEM and SAED. showed similar spectra (measured intervals: 5 mm). The XRD spectra suggest an amorphous sample (or very diluted nanocrystals) along the deposition probe: only the W peaks are present in the spectra. The presence of nanocrystals is explored by HRTEM and SAED in Fig. 10 .
Further study on sample crystallinity has been performed by TEM analysis (Fig. 10) . A small amount of layer material from the middle region of the probe was detached and deposited onto a TEM copper grid. Also, a small sample of MoS 2 powder precursor was placed on a different Cu grid. Fig. 10a shows a representative high-resolution TEM image of MoS 2 powder precursor, which is compared with the HRTEM image of Fig. 10b , corresponding to the material sampled from the W probe. The MoS 2 grains exhibit large monocrystalline domains, as it is evidenced by the contrasted crystallographic planes visible in Fig. 10a . The accompanying dotted SAED pattern (inset) confirms this picture. On the other hand, the HRTEM image in Fig. 10b shows that the layer deposited on the probe during pulsed arc discharge is constituted by an amorphous phase combined with randomly oriented nanosized crystals. Additionally, the periodically modulated contrast intensities with elongated shapes in the image suggest the presence of carbon nanotubes combined with Moiré patterns due to interference effects of crystal lattice patterns.
The polycrystalline phase present in the sample is manifested by the inset diffraction ring pattern, which reveals the presence of MoS 2 nanocrystals together with further material crystalline phases. In conclusion, we have observed that the material deposited onto the W probe is composed of nanosized MoS 2 crystallites embedded within a C-Mo amorphous matrix. is planned. Advanced optical diagnostics would provide the necessary information to monitor particle dynamics in the arc plasma process. Also, an increase in purity of the deposited material,
i.e. lower carbon contamination, is desirable and could likely be achieved by fine-tuning the shape of the excitation waveform signal. This objective will be fulfilled by employing a new power supply equipped with rapid switching circuit, which should render possible the operation of well-defined pulse signals yet in shorter duty cycles. Nevertheless, this study demonstrates that the use of pulsed power to excite an anodic arc discharge is a versatile technique to synthesize new nanomaterials. Besides, arc discharge operation in pulsed mode provides a more stable discharge dynamics and better control of arc processes compared to traditional DC discharges.
The outcome of this study is encouraging in terms of finding new pathways of nanosynthesis by means of pulsed anodic arc discharges held near atmospheric pressure.
